PURPOSE. Herpes simplex virus type 1 (HSV-1) infection is one cause of neurotrophic keratitis, characterized by decreases in corneal sensation, blink reflex, and tear secretion as consequence of damage to the sensory fibers innervating the cornea. Our aim was to characterize changes in the corneal nerve network and its function in response to HSV-1 infection.
T he cornea is the most densely innervated tissue of the body. Its fibers, mostly sensory in origin and derived from the ophthalmic branch of the trigeminal nerve, enter peripherally parallel to the corneal surface. These nerves lose their perineuria and myelin sheaths close to the limbus and continue to advance toward the center of the tissue as they subdivide into smaller and more superficial branches. Eventually, a subbasal nerve plexus is formed with nerve endings that penetrate the corneal epithelium. [1] [2] [3] Corneal fibers form the afferent arm of reflexes for blinking and tearing by sensing thermal, mechanical, and chemical stimuli that cause the release of crucial soluble factors for maintenance of wound healing and homeostasis of the ocular surface. 1, 4, 5 Because the integrity of the cornea relies on a competent nerve supply, the structural patterns of its nerves, including density, number, degree of branching, and tortuosity, have clinical relevance. 4, 6 Dysfunction of corneal innervation is a feature frequently associated with noninfectious and infectious inflammatory corneal diseases leading to a degenerative condition known as neurotrophic keratitis (NTK). Noninfectious causes of NTK include trigeminal nerve damage associated with orbital or head injury, head trauma, aneurysms, or intracranial neurologic disease. 7, 8 In addition, dry eye symptoms related to NTK have been described in laser vision correction with laser in situ keratomileusis (LASIK), 9 longstanding use of contact lenses, 10 and diabetes mellitus. 11, 12 Herpetic viral infections of the ocular surface such as herpes simplex virus type 1 (HSV-1), the leading cause of infectious corneal blindness in the industrialized world, 13, 14 are thought to be a major cause of the development of NTK. 7, 15, 16 HSV-1 enters into a host cell through a multistep process as a result of fusion between the viral envelope and target plasma membrane through the interactions of the HSV-1-encoded glycoproteins gB, gD, gH, and gL, with their cognate receptors. 17 Shortly after replicating at the initial site of infection, the virus uses retrograde axonal transport to gain access to the sensory neurons in the trigeminal ganglia, where it establishes latent infection. 18 Upon reactivation, newly created particles of virus travel down sensory trigeminal nerve fibers to epithelial surfaces where they replicate locally. Chronic episodes of viral reactivation followed by corneal infection can lead to herpes stromal keratitis (HSK), characterized by tissue damage, opacity elicited by episodic immune responses, [19] [20] [21] and vascularization of the normally avascular cornea. [22] [23] [24] HSK is associated with development of NTK, playing a role in the diagnosis and prognosis of all types of herpetic keratitis. The loss of corneal sensation in HSK patients, often assessed by loss of a corneal blink reflex, is strongly correlated with profound loss of the sub-basal nerve plexus. 25 The causes and consequences of corneal damage, as well as corneal nerve regeneration processes upon HSV-1 infection have been poorly explored and fit within the National Eye Institute's scope of interest, as highlighted by the Cornea Disease Panel, in its August 2012 Vision Research: Needs, Gaps, and Opportunities compendium (https://www.nei.nih.gov/ sites/default/files/nei-pdfs/VisionResearch2012.pdf). Therefore, in the present study, we aimed to characterize changes in corneal innervation during acute and latent HSV-1 infection as well as mechanisms of nerve regeneration upon infection. Previous reports have indicated the regenerative response following nerve injury includes the expression of neutrotrophins, regeneration-associated genes (RAGS) and gene products such as growth-associated protein-43 (GAP43) 26, 27 and nerve guidance molecules from the semaphorin (SEMA) family, such as SEMA 3A 28 and SEMA 7A. 29 Particular attention was focused on SEMA 7A, the only glycosylphosphatidylinositollinked semaphorin that promotes axonal outgrowth and regeneration and recruits inflammatory cells 29, 30 by integrinmediated signaling. 30, 31 We found that in response to HSV-1 infection, sensory nerves and corneal sensitivity were lost within 8 days post infection (pi), followed by aberrant nerve regeneration without functional recovery, as observed at 30 days pi, a time point consistent with latent infection. HSV-1 induced up-regulation of the expression of SEMA 7A in corneal epithelial cells, consistent with nerve fiber loss. Furthermore, neutralization of SEMA 7A resulted in hyperinnervation at the center of the cornea with impaired corneal sensation. We interpret these results to suggest SEMA 7A is part of the nerve damageregeneration mechanism following HSV-1 infection.
METHODS

Animals
All animal procedures were approved by the University of Oklahoma Health Sciences Center and Dean McGee Eye Institute Institutional Animal and Care and Use Committee and were performed in adherence to the Association for Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision research. C57BL/6 mice were obtained from Jackson Laboratory (Bar Harbor, ME, USA). Mice were 6 to 8 weeks old at the time experiments were performed.
Virus and In Vivo Infection
HSV-1 strain McKrae was propagated on HSV-1-susceptible green monkey kidney (Vero) cells and maintained at a stock concentration of 10 8 plaque-forming units (PFU)/mL. Anesthetized mice were infected by scarification of the corneal surface, followed by application of 3.0 lL of PBS containing virus (10 3 PFU/eye) as previously described. 32 Controls were created by scarifying corneas and/or leaving them uninfected (UI).
Viral Plaque Assay
At indicated time points, corneas were homogenized, clarified by centrifugation (10,000g for 1.5 minutes), and then serially diluted and poured onto a confluent lawn of Vero cells in RPMI 1640 medium (Invitrogen, Life Sciences, Grand Island, NY, USA) containing 10% fetal bovine serum (FBS) and antibiotic/ antimycotic reagents (Invitrogen). Plaques were visualized and enumerated with the aid of an inverted microscope (Invertoskop; Zeiss, Thornwood, NY, USA) 24 hours later and quantified as mean log PFU per cornea as previously described. 33 
Corneal Sensitivity
As previously published, 34 a Cochet-Bonnet esthesiometer (catalog no. 8630-1490-29; Luneau SAS, France) was used to test for corneal sensitivity. Briefly, at different times pi, nonanesthetized mice were held by the scruff of the neck and presented with a monofilament at lengths ranging from 6.0 to 0.5 cm in 0.5-cm fractions to elicit a blink response. At each length, the monofilament touched the cornea four times, making perpendicular contact with the surface before considering a response negative (no blink response). The lack of blink reflex at a monofilament length of 0.5 cm was recorded as 0. All measurements were performed by the same examiner.
Neutralization of SEMA 7A
At 7 days pi, deeply anesthetized mice received subconjuctival injections of 5 lg of anti-SEMA 7A antibody or isotype-labeled control antibody (rat IgG 2B ) to both eyes (10 lL; catalog nos. MAB2068 and MAB0061, respectively; R&D Systems, Minneapolis, MN, USA), using a 31-gauge syringe under a dissecting scope. Injections were repeated every 3 days, and mice were kept in the vivarium until cornea tissue was collected at 24 days pi.
Immunochemistry and Imaging
For immunohistochemistry (IHC), at indicated times pi, mice were anesthetized and transcardially perfused with PBS. Eyes were removed and an incision was made posterior to the limbus in order to dissect the corneas including a margin of sclera. Corneas were fixed with 4% paraformaldehyde for 30 minutes, followed by a permeation step consisting of three washes with 1% Triton X-100 (Triton)/PBS for 15 minutes. Samples were then blocked overnight with 10% normal donkey serum (NDS) in 0.1% Triton/PBS, followed by overnight incubation with primary antibodies. Following overnight incubation, the samples were washed 33 with 0.1% Triton/PBS for 30 minutes, incubated with fluorescentlabeled secondary antibody for 1 hour (1:150 dilution), stained with nuclear dye (4 0 ,6-diamidino-2-phenylindole [DAPI]) and washed 33 with 0.1% Triton/PBS for 30 minutes. Incisions were made in each cornea in order to obtain a flower-shaped whole mount (four quadrants) prior to mounting in 50% glycerol for imaging. Following fixation, some corneas were cryoprotected by overnight incubation with 30% sucrose and then frozen in optimal cutting temperature medium (catalog no. 4583; Tissue-Tek, Torrance, CA, USA). Corneal cryostat sections (14 lm) were rinsed with 1% Triton/PBS, blocked with 10% NDS/PBS, and immunostained. The primary antibodies used were anti-b III tubulin (catalog no. 18207; 1:1000 dilution; Abcam, Cambridge, MA, USA), anti-neurofilament heavy chain (NFH; catalog no. PA3-16753; 1:500 dilution; Thermo Scientific, Pittsburgh, PA, USA), anti-substance P (SP; catalog no. 556312; 1:200 dilution; BD Pharmingen, San Diego, CA, USA), anti-calcitonin gene-related protein (CGRP; catalog no. 1720-9007; 1:200 dilution; AbD Serotec, Raleigh, NC, USA), anti-CD45 (catalog no. 550539; 1:200 dilution; BD Pharmingen), and anti-CD31 (catalog no. MAB1398Z; 1:100 dilution; Millipore, Billerica, MA, USA). All fluorescently labeled secondary antibodies were purchased from Jackson Laboratories (Jackson ImmunoResearch, West Grove, PA, USA). Imaging was performed using an MVX10 imaging system for wholecornea flat-mounts (cellSens Dimension 1.8.1; Olympus, Center Valley, PA, USA) and a FluoView confocal laser scanning microscope for cornea quadrant captures (FV500; version 5.0; Olympus). Microscope and software settings were identical for all samples within experiments. To quantify changes in corneal innervation, MetaMorph version 7.7.0.0 offline software (Molecular Devices, LLC, Sunnyvale, CA, USA) was used to calculate the percentage of threshold area positive for b III tubulin staining on acquired confocal images, defined as the percentage of b III tubulin þ pixels divided by the total number of pixels per field of view. For each cornea, a representative image from each quadrant was used for analysis (four images per sample where the visual field included the peripheral limbus toward the center of the cornea proper). The summary was used to generate the percentage of threshold area positive for b III tubulin staining per sample. At least 4 replicates from 3 independent experiments were used per time point. In experiments comparing the changes in corneal innervation in the center of the tissue, a single representative image of the central cornea per sample was captured in at least 6 corneas per group from 2 independent experiments. For a threedimensional view of the corneal innervation, representative images captured as above were processed using Fluoview viewer (FV 10-ASW 4.0 v; Olympus).
Real Time RT-PCR
At different times pi, total RNA from two corneas was extracted with TRIzol reagent (catalog no. 15596018; Ambion, Life Sciences, Grand Island, NY, USA) and converted to cDNA (iScript reverse transcription supermix; Bio-Rad Laboratories, Hercules, CA, USA) as previously described. 22 Transcript levels of GAP43, SEMA 3A, SEMA 7A, and eukaryotic translation elongation factor 1 epsilon-1 (Eef1e1, a housekeeping gene) were measured using iQSYBR Green PCR Supermix and a CFX96 real-time PCR detection system (Bio-Rad Laboratories). . Relative quantities of gene expression were calculated by the comparative C T value method, 35 and the results were expressed as fold change of expression for each transcript.
Western Blotting
At indicated time points following infection, corneas were harvested, pooled (2 to 3 corneas/sample), and lysed with radioimmunoprecipitation assay lysis buffer (catalog no. sc-24948; Santa Cruz Biotechnology, Inc., Dallas, TX, USA). Protein content was measured using a BCA protein assay (catalog no. 23225; Thermo Scientific). Equal amounts of protein were resolved on SDS-4% to 20% gradient polyacrylamide gels (catalog no. EC60285; Invitrogen) and transferred onto nitrocellulose membranes. Proteins were detected using the primary antibodies anti-b III tubulin (catalog no. ab18207; 1:2000 dilution; Abcam), anti-SEMA 7a (catalog no. ab23578; 1:200; Abcam), and anti-b actin (catalog no. ab6276; 1:10,000; Abcam). For secondary chemiluminescent detection, blots were incubated with corresponding horseradish-peroxidaseconjugated secondary antibodies (GE Healthcare Bio-Sciences, Pittsburgh, PA, USA). Imaging of blots and analysis of bands intensities were performed by conventional image analysis using in vivo imaging system F Pro (Kodak, Rochester, NY, USA) and MI SE 4.4 SE version software (Carestream Health, Inc., Rochester, NY, USA).
Statistical Analysis
Statistical analysis was performed by using Prism version 5.0 software (GraphPad software, San Diego, CA, USA). Data are means 6 SEM for each group. The unpaired t-test was performed to assess significant differences (P < 0.05) among groups. For multiple comparisons, one-way analysis of variance was performed followed by the Newman-Keuls post hoc test.
RESULTS
HSV-1 Infection Results in Deinnervation and Subsequent Reinnervation of the Cornea
The normal cornea is the most densely innervated tissue in the human body 1 yet is devoid of blood or lymphatic vessels. Angiogenesis of blood and lymphatic vessels 22, 23 along with nerve damage and loss of corneal sensation 36, 37 represent important pathogenic mechanisms of HSK, likely due to HSV-1 neurotropism and the elicited immune response. To study the effect of HSV-1 infection on the structure and function of corneal nerves and its temporal relationship with HSV-1-induced angiogenesis, C57BL6 mice eyes were infected with 10 3 PFU HSV-1 or were left UI as controls, as previously described. 32 In this model, acute infection within the cornea was resolved by approximately 10 days pi, 20,38-40 followed by a latent phase of infection within the sensory neurons in the trigeminal ganglia. 20, 22 In order to study innervation during acute and latent infection, at different time points, including 2, 4, 6, and 8 days pi (acute), as well as 14 and 30 days pi (latent), mice were euthanized and their corneas harvested and processed for IHC staining with an antibody against the panneuronal marker b III tubulin and an antibody against CD31, an endothelial cell marker. As previously described for normal corneas, 1, 3, 36 UI corneas displayed intact innervation consisting of a stromal network formed by thick nerve trunks that ramified into smaller and more superficial branches as they progressed from the periphery toward the center of the cornea ( Fig. 1; Supplementary Fig. S1 ). A sub-basal network composed of thinner hairpin-like nerves that projected centripetally and presented a roughly parallel orientation from one another, terminating in free nerve endings, was observed (Fig. 1A , G-G''; Fig. 2, C2 ). As seen in representative corneal whole-mount images (Figs. 1A-C) in comparison to the UI condition, HSV-1 infection resulted in the loss of corneal nerves that was more pronounced in the center at 8 days pi (Fig. 1B) . A reinnervation process was evident at 30 days pi (Fig. 1C) . A unique feature often observed in corneas at 30 days pi was abnormal and disorganized hyperinnervation in the center of the tissue (Fig.  1C) . For greater structural detail and quantitative assessment of the effect of HSV-1 on the extent of the nerve network, confocal images were taken from cornea quadrants (Figs. 1G-M''). Compared to UI corneas and corneas at 2 days pi displaying intact stromal and sub-basal innervation ( Compared to UI (G-G'') displaying intact innervation with thick stromal nerves (yellow arrows) and fine sub-basal nerve bundles (white arrows), HSV-1 infection caused progressive loss of nerves and complete loss of sub-basal nerves at day 8 pi, consistent with the onset of neovascularization of the cornea (K-K''). This event was followed by reinnervation that coexisted with persistent neovascularization pi (Fig. 1N) . A three-dimensional view of representative images showed intact fine bundles of nerves positive for b III tubulin in the UI condition, which were completely lost by day 8 pi and partially recovered at 30 days pi (Figs. 1D-F) .
Recently published work suggests the loss of nerves in the cornea resulted in the disruption of the corneal vascular privilege. 41 Of interest, at 8 days pi, when the maximum loss of nerves occurred, HSV-1-induced neovessels started to invade the cornea proper (Figs. 1K'-K'' ), consistent with a mutual inhibition effect between nerves and vessels. However, at 14 days pi, when the reinnervation of the cornea appeared to be triggered, the area of the neovascularized cornea was increased and remained significantly elevated at 30 days pi (Figs. 1, L'-L'', M'-M'', O). Corneal nerve retraction was observed when infectious virus could be isolated from cornea tissue (Fig. 1P) . However, at time points consistent with viral resolution, the cornea recovered innervating fibers that coexisted with pathological vascularization.
HSV-1 Infection Results in Loss of Corneal Sensory Fibers and a Deficient or Abnormal Reinnervation Process
The normal cornea contains extensive and complex peptidergic innervation composed of nociceptive CGRP-and SPpositive fibers 42 with some myelinated, non-nociceptive peripheral nerves 1 that stain positive for NFH. 43 To evaluate the qualitative changes in corneal nerves upon HSV-1 infection, mouse eyes were infected or left UI as controls. Corneas were then processed for IHC and stained with antibodies against b III tubulin with either SP, CGRP, or NFH at times pi ( 2B1-6 ) and was occasionally associated with nerves at the subbasal and stromal locations. At 8 days pi, CGRP expression remained in the epithelium but was not associated with remaining nerves at the peripheral cornea (Figs. 2B7-12 ). In fact, there was an up-regulation of expression in the central cornea compared to UI and 30-day-pi corneas. At day 30 pi, CGRP expression was found in some of the nerves that reinnervated the stroma (Figs. 2B13-18) . Analysis of NFH immunostaining in cornea whole mounts revealed hyperinnervation at the center of the tissue at 30 days pi that included the abnormal presence of NFH þ nerves (3 of 12 corneas). In summary, HSV-1 infection induced a dramatic regression of sensory fibers by day 8 pi. This process was followed by aberrant nerve regeneration with an absence of fibers at the sub-basal and epithelial locations. The pathologic response also included abnormal reinnervation of the central stroma characterized by loss of expression of SP and occasionally NFH þ myelinated nerves.
Nerve Regression Following HSV-1 Infection Results in Loss of Corneal Sensitivity Without Recovery Upon Corneal Reinnervation
Anatomical nerve regeneration is not, in all cases, associated with functional recovery. To determine whether the loss of innervation induced by HSV-1 infection correlated with loss of nerve function, mice infected with 10 3 PFU HSV-1 were monitored for corneal sensitivity at 5, 8, 21, and 30 days pi. Because successful HSV-1 infection in the cornea requires gently scratching the epithelial surface to generate a lesion for virus penetrance at this challenge dose, parallel sham controls were performed in which mice were scarified but were UI. In addition, a control group was not subjected to the scarification procedure and were left UI (naive). Corneas from all control mice (UI and naive) exhibited maximum corneal sensitivity, with Cochet-Bonnet scale values close to 6 cm (100% sensitivity) (Fig. 3) . In contrast, at 5 days pi, a subtle reduction of function was recorded that became statistically significant at 8 days pi, consistent with maximum structural nerve loss (Fig.  3) . Despite the reinnervation process, by day 30 pi, corneal sensation did not recover.
SEMA 7A Expression in the Cornea Is Elevated Upon HSV-1 Infection and Plays a Role in the Reinnervation Process
To study the mechanism behind the deinnervation-reinnervation processes in the cornea following HSV-1 infection, the expression levels of some regeneration-associated genes and guidance molecule candidates previously found to be significantly expressed in models of corneal nerve transection 29, 43 and transplantation 28 were measured. Mice were ocularly infected with 10 3 PFU HSV-1 or left UI as controls or were not subjected to the scarification procedure (naive). At different time points (2, 6, and 8 days pi), corneas were harvested and processed for RNA isolation and cDNA synthesis to specifically focus on the expressions of GAP43, SEMA 3A, and SEMA 7A. Real time PCR analysis did not show statistically significant levels of expression among the three candidate genes between groups at any time point studied (Figs. 4A-C) . However, because a strong trend toward elevation of SEMA 7A transcript was observed at 8 days pi, we pursued SEMA 7A expression at the protein level and its localization in the cornea. Densitometric analysis of immunoblots showed SEMA 7A protein expression was significantly elevated in infected corneas compared to that in the UI condition at day 8 pi, detected mostly as a glycosylated form of SEMA 7A (~100 kDa), as previously observed 44 (Figs. 4D, 4E ). This observation correlated with a significant decrease in b III tubulin protein levels at 8 days pi due to nerve loss (Figs. 4D, 4F) . SEMA 7A is expressed by several pre-and postnatal neuronal populations, 30, 45 as well as by a broad variety of lymphoid and myeloid cells. [46] [47] [48] In the naive cornea, SEMA 7A expression was recently localized to epithelial and stromal (L-L'', M-M''). Corneal innervation and neovascularization were quantified as percentage of threshold area positive for b III tubulin signal (N) and for CD31 signal (O) in representative confocal images (G-M''). Bars represent the percentage of threshold area/field of view 6 SEM (n ¼ at least 4 total replicates from 3 independent experiments for each group in (N); and n ¼ at least 3 replicates from 2 independent experiments for each group in (O). *P < 0.01; **P < 0.001; ***P < 0.0001, compared to UI group as determined by ANOVA followed by Newman-Keuls multiple comparison test. (P) Viral content in corneas at 2, 4, 6, and 8 days pi as assessed by viral plaque assay and expressed as log (PFU/cornea) 6 SEM (n ¼ 6 total replicates from 2 independent experiments per time point).
cells. 29 To determine whether the source of SEMA 7A increase in the infected corneas was resident cells or infiltrating immune cells or both, costaining of corneal cross sections was performed using antibodies against SEMA 7A and CD45 (Figs. 4G-J) . IHC analysis revealed constitutive expression of SEMA 7A by corneal epithelial cells, detected in a weak, punctate pattern. Following 8 days pi, SEMA 7A staining was more robust and was evident on the cell membrane of corneal epithelial cells and extremely faint or absent in CD45 þ inflammatory cells or keratocytes. Protein analysis of SEMA In the UI cornea, both periphery (A1, A3, A5) and center (A2, A4, A6) showed b III tubulin þ nerves in the stroma and rich subbasal innervation penetrating the layers of epithelial cells that colocalized with expression of SP (white arrows). Loss of sub-basal innervation was observed at 8 days pi (A7-A12) with remaining peripheral nerves that did not colocalize with SP (A7, A9, A11). The reinnervation of the cornea at 30 days pi (A13-A18) involved poor sub-basal reinnervation and hyperinnervation of the central stroma without recovery of SP þ signal (white arrows). (B1-B18) Sagittal frozen sections of corneas costained with b III tubulin and CGRP. In the UI cornea, CGRP expression was found mostly within the epithelial cells (B1-B6) and was occasionally associated with nerves at the sub-basal and stromal locations. At 8 days pi, CGRP continued to be expressed in the epithelium and was not associated with remaining nerves at the peripheral cornea (B7-B12). At day 30 pi, CGRP reactivity at the central epithelium region was largely lost, whereas some of the nerves that reinnervated the stroma colocalized with CGRP expression (B13-B18). (C1-C8) Corneal whole mounts show hyper-reinnervation at the center of the cornea at 30 days pi that included the abnormal presence of NFH þ nerves. DAPI, nuclei counterstain in blue; Ep, epithelium; St, stroma. 7A in parallel to that of b III tubulin was also conducted at 5 days and 30 days pi with no significant differences between infected and uninfected groups at both time points (data not shown). We interpret the results to suggest the increase of SEMA 7A was time-dependent and required nerve loss as a stimuli.
In order to address whether the up-regulation of SEMA 7A following HSV-1 infection played a role in reinnervation of the cornea, the effect of local neutralization of SEMA 7A in the cornea on the regeneration of the corneal nerve network and its function upon infection was studied. Taking into account the fact that the significant increase of corneal SEMA 7A protein was observed at 8 days pi, subconjuctival delivery of anti-SEMA 7A or matching isotype control (IgG 2B ) antibody was initiated at 7 days pi and continued until 24 days pi. At that time point, mice were subjected to cornea sensitivity measurements, and their corneas were harvested and processed for IHC analysis of nerves (Fig. 5) . As revealed by b III tubulin immunostaining of corneal whole mounts, infected corneas treated with anti-SEMA 7A antibody (HSV-1 þ aSEMA 7A) exhibited central areas with disorganized hyperinnervation that lacked fine sub-basal nerve bundles in comparison to their isotype controls in which the regenerating nerves adopted a centripetal orientation (HSV-1þ isotype; compare Figs. 5B-F with Figs. 5A-D) . In both treatments, the innervation was similar at the peripheral locations (compare Figs. 5B-E with Figs. 5A-C). Corneal innervation measured as the percentage of threshold area positive for b III tubulin signal showed no changes at the peripheral cornea, but there was a significant increase in the positive area occupied by nerves in the center of anti-SEMA 7A antibody-treated corneas. Measurement of corneal sensitivity showed significant impairment in anti-SEMA 7A antibody-treated corneas compared to isotype-treated controls. The loss of corneal sensation was likely a consequence of the loss of intraepithelial free nerve endings in the central cornea along with stromal hyperinnervation.
DISCUSSION
Our study provides a longitudinal characterization of the changes in corneal innervation network following HSV-1 infection and explores a mechanism for corneal nerve regeneration with potential clinical relevance in the treatment of neuropathy of the ocular surface. First, we found HSV-1 infection caused a dramatic regression of sensory afferents innervating the cornea, mostly SP þ and CGRP þ nociceptive fibers during acute infection accompanied by the loss of corneal sensitivity. At later time points, once the viral infection of the tissue was cleared, the cornea reinnervated but often without readopting the normal arrangement of its fibers, peptidergic content, or function. Our results suggest the upregulation of SEMA 7A is induced by nerve loss and plays a role in the reinnervation process following HSV-1 infection.
Corneal sensory nerves release a variety of biologically active neurochemicals on which the healthy state of the cornea depends. Large numbers of these fibers contain SP and/or CGRP, two neuropeptides with described roles in epithelial renewal and wound repair. 1, 49 Physiologically relevant concentrations of SP are found in the normal cornea and tears, which have been reported to decrease following surgical deinnervation and neonatal capsaicin treatment, 50, 51 as well as in patients with herpetic keratitis. 51 A reduction in SP content in HSK corneas is not surprising considering the profound loss of the sub-basal nerve plexus loss associated with a reduction in corneal sensation found in patients following HSV infection. 25, 52 Such findings in human patients are in agreement with the results in our model. We found uninfected mouse corneas exhibit rich sub-basal innervation, with nerve endings penetrating the epithelium that stain positive for SP. HSV-1 infection caused massive nerve regression with almost complete loss of the sub-basal nerve plexus and SP reactivity. Of interest, despite the reinnervation observed at 30 days pi with a prominent presence of fibers in the middle and posterior stroma at the center of the cornea, neither the fine nerve bundles at the subepithelial location nor SP reactivity were recovered. In uninfected and infected corneas, CGRP reactivity was strong in epithelial cells, which might be explained as released neuropeptide bound to CGRP receptors, abundantly expressed on corneal and limbal epithelial cells. 53, 54 In our hands, the detection of CGRP in nerves was scarce, limited to occasional subepithelial and stromal fine fibers that were absent at 8 days pi. At 30 days pi, CGRP reactivity was increased within stromal nerves normally not observed in uninfected corneas. In addition to the described changes in peptidergic fibers, areas of central stromal hyperinnervation contained NFH þ fibers, corresponding to myelinated afferents. The presence of myelinated fibers in the central corneal stroma is abnormal and has also been reported in the context of corneal nerve regeneration following surgical nerve transection. 43 The functional significance of such fibers during reinnervation is not known.
In addition to its effect on nerves, HSV-1 infection causes the pathological growth of blood and lymphatic vessels into the normally avascular cornea. [22] [23] [24] The maximum nerve loss observed in our model coincided with the onset of neovascularization in response to HSV-1 infection, which fits the paradigm that vessels and nerves maintain ''cross-talk'' to inhibit each other in the cornea. 41 However, this was not the case by 30 days pi or even 3 to 4 months pi (preliminary data not shown), as regenerated nerves were present, coexisting with highly vascularized tissue. It is tempting to speculate that following infection, the infiltration of inflammatory cells and their products, induced by angiogenesis as well as factors released through the ''leaky'' neovessel walls, could influence the regeneration of damaged/regressed nerves leading to the abnormal structural features and loss of sensitivity of the corneal nerve network described above.
Our data suggest that up-regulation of SEMA 7A, a nerve guidance factor that stimulates axonal growth and proper axon track formation during development, 30,44,45 is a likely compo-FIGURE 3. Corneal reinnervation following HSV-1 infection does not correlate with recovery of corneal sensitivity. Mouse eyes were infected with 10 3 PFU HSV-1, were left UI as controls, or were not subjected to the scarification procedure (naive). At 5, 8, 21 , and 30 days pi, corneal sensitivity levels were measured by Cochet-Bonnet esthesiometer and compared among groups. At day 8 pi, there was a significant loss of corneal sensitivity recorded in corneas of infected mice that did not recover by day 30 pi. Bars represent average CochetBonnet score 6 SEM (n ¼ at least 10 for the HSV-1 groups and n ¼ at least 6 for the UI groups from 2 independent experiments). ***P < 0.0001 compared to UI group at each time point as determined by ANOVA followed by Newman-Keuls multiple comparison test.
nent of the nerve regeneration response in the cornea upon HSV-1 infection. Localization of SEMA 7A expression in the cornea and its role in nerve regeneration and inflammation have been explored in the context of lamellar corneal surgery. 29 Specifically, constitutive expression of SEMA 7A in the corneal epithelial cells and to a lesser extent in stromal keratocytes was up-regulated within stromal cells near the regenerating nerve fronds following surgery. 29 In a similar manner, we found SEMA 7A expression concentrated in the corneal epithelium in the uninfected corneas. However, increased expression localized to the epithelium was evident 8 days pi with weak or absent expression in keratocytes or CD45 þ cells. Because earlier or later time points (5 and 30 days pi) did not show significant changes in the expression of SEMA 7A relative to their uninfected counterparts, we interpret the time of maximum nerve regression was key to orchestrate the SEMA 7A response by epithelial cells to guide or stimulate the outgrowth of nerve terminals as a mechanism of nerve regeneration. We report that most of the infected corneas that received subconjuctival delivery of anti-SEMA 7A antibody exhibited aberrant innervation at 24 days pi (14 of 16 total corneas) involving areas with misguided arrangement of stromal hyperinnervation and scarce or absent sub-basal nerves (11 of 16 total corneas). Such aberrant features were observed in only 2 of 15 total isotype control antibody-treated corneas. Consistent with the more abnormal nature of nerve regeneration upon anti-SEMA 7A antibody administration, the corneal sensation was significantly decreased in mice under this treatment compared to the isotype control-treated mice. Moreover, the innervation pattern of infected corneas treated with the isotype IgG 2B did not match the one observed in infection-only corneas. Generally, isotype control antibodytreated corneas displayed a ''healthier'' pattern of reinnervation, with more frequent areas of short fine nerve bundles and less frequent central hyperinnervation than the infection-only cornea group (13.3% vs. 25%). However, both groups of mice had average corneal sensitivity values similar to each other and significantly lower than uninfected corneas (comparison shown in Supplementary Fig. S3 ). In the nervous and immune systems, SEMA 7A is thought to bind to plexin C1 and b1 integrin receptors. 30, 31 However, in various tissues, including the cornea, the significance of these interactions is poorly understood. In addition to roles in modulating the nervous and immune systems, SEMA 7A has also been linked to vascular growth in corneal neovascularization. 55 In their work, Ghanem et al. 55 showed mouse corneas injected with naked SEMA 7A cDNA developed neovascularization in comparison to vectortreated controls. In contrast, we showed a strong trend toward elevation of neovascularization in corneas treated with anti-SEMA 7A in comparison to isotype-treated corneas following FIGURE 5. Neutralization of SEMA 7A affects reinnervation of the central cornea and decreases corneal sensitivity. Mice were infected with 10 3 PFU of HSV-1 in their corneas and at day 7 pi were given subconjunctival doses of 5 lg of anti-SEMA 7A or isotype control (IgG 2B ) antibody at repeated doses every 3 days. At 24 days pi, mice were subjected to cornea sensitivity measurements, and their corneas were harvested and processed for IHC analysis. (A, B) Representative b III tubulin staining of corneal whole mount from infected mouse treated with isotype (HSV-1þ isotype) (A) or with anti-SEMA 7A (B) antibody shows aberrant innervation at the center of the anti-SEMA 7A-treated corneas. In the peripheral area, confocal images show nerves (red) recovered to a similar extent in isotype-(C) and anti-SEMA 7A antibody-treated (E) corneas. At the center, the anti-SEMA 7A antibody-treated corneas show aberrant hyperinnervation (F) compared to isotype-treated corneas (D). (G, H) Corneal innervation was quantified as percentage of threshold area positive for b III tubulin signal in representative confocal images (C-F). Bars represent the percentage of threshold area/field of view 6 SEM (*P < 0.05; n ¼ 11 for (G) and n ¼ 12 total replicates per group for (H) from two independent experiments). (I) At 24 days pi, corneal sensitivity levels were measured by a Cochet-Bonnet esthesiometer and compared among groups. Corneal sensitivity was significantly impaired in anti-SEM7A antibody-treated corneas compared to that in isotype-treated mice by an unpaired t-test (*P < 0.05). Individual scores recorded for each individual cornea with their respective average 6 SEM per experimental group are indicated in the graph (n ¼ 11 for HSV-1þ isotype; and n ¼ 12 for HSV-1 þ anti-SEMA 7A from two independent experiments).
